Introduction
Wet cooling towers are widely applied in many industrial fields, such as power plants, air-conditioning and petroleum industries, to withdraw the waste heat to the environment. The heat is discharged in the processes of the simultaneous heat and mass transfer when the water is in direct contacted with the ambient air in the wet cooling tower. To depict the processes of the heat and mass transfer, the Merkel method [1] was proposed in 1925 with some simplifying assumptions, which are: 1) the water flow rate is constant in energy balance by neglecting the water loss by evaporation, 2) the outlet air is saturated and it is only function with its enthalpy, 3) the Lewis factor which can be expressed as k c /(k D .c p,a ) is unity. Many researchers' experiments were based on Merkel method [2] [3] [4] [5] [6] [7] , which is widely used to rate and design the wet cooling tower.
Jaber and Webb [8] presented an e-NTU method which is particularly useful in the cross flow cooling tower. The similar assumptions used in Merkel method were also made in the e-NTU method. Based on NTU method, Saravanan et al [9] analysis the performance of cooling tower through the perspectives of energy and exergy. The inlet air wet bulb temperature is the most important parameter through the analysis. Kloppers and Rögener [10] [11] gave a detailed derivation of the differential equations which were based on the mass and energy balance. And Merkel numbers employing Merkel method, e-NTU method and Poppe method were deduced. The performance of the cooling tower was evaluated by employing Merkel, e-NTU and Poppe methods, respectively. Kloppers and Rögener also found that the outlet water temperature evaluated by the Merkel, e-NTU and Poppe approaches were identical.
To rate the performance of the cooling tower, the numerical solutions of the ordinary differential equations were available in the literatures [12] [13] . Their calculated results were acceptable in comparison with their experimental results. Khan et al [14] evaluated the performance of the counter flow wet cooling towers with a constant slope of tie line and the slope [15] was given by E=-h cw /h D . It was found that the evaporation caused about 62.5%-90% of the total rate of heat transfer from bottom to the top of the tower. The Merkel method was revisited by Picardo and Variyar [16] , they developed a novel method to compute the packed height of a counter flow cooling tower. Asvapoositkul et al [17] presented a simplified method to evaluate the thermal performance capacity of the cooling tower. However, it was applied only when the flow rate and the inlet temperature were near the design conditions. Ren [18] developed an accurate and quick approach to analyze the tower performance. In his model, the humidity ratio of air at the water surface was assumed to be linearized with respect to the water surface temperature. And then, he obtains an analytical solution for evaluating the counter flow wet cooling tower performance. However, a set of ordinary differential equations should be solved in his model, which can lead to more computational complexity. A general non-dimensional model for cooling tower was presented by Halasz [19] [20] , which could be applied in the counter flow, parallel flow and cross flow towers. This method could yield an analytical solution for the counter flow and parallel towers while a numerical solution could be obtained for cross flow towers. Makkinejad [21] proposed a new method which could obtain an acceptable solution for cooling tower. In his method, the absolute gas humidity was assumed to be a linear function of the liquid temperature. Hasan [22] proposed a modified e-NTU method to achieve sub-wet bulb temperature. His model was based on the assumption that the enthalpy of the saturated air is a linear function of the temperature of the saturated air.
The aim of this paper is to develop a model, which is easily to be solved to obtain the analytical solution of outlet water temperature, in order to evaluate the performance of the counter flow wet cooling tower. Firstly, based on the assumption that the enthalpy of air at the water surface is a linear function of the water surface temperature, Merkel number will be integrable and an analytical solution for outlet water temperature will be deduced. Secondly, results of the analytical model will be in comparison with the accurate model in some typical cases. Finally, the proposed model will be used to calculate the thermal performance of the counter flow wet cooling towers in power plants.
Mathematical model for counter flow wet cooling tower
The simultaneous heat and mass transfer in the counter flow wet cooling tower has been shown in Fig. 1 . The analytical model is mainly based on the following assumptions:
1) The water loss in the energy balance is neglected.
2) The Lewis factor is equal to unity.
3) The enthalpy of air at the water surface is a linear function of water surface temperature. 4) The enthalpy of bulk air is a linear function of water surface temperature.
5) The specific heats of air, water vapor and water are constant. 6) The effect of water film heat transfer resistance is negligible.
Governing equations for heat and mass transfer
The energy balance equation between water and air is given by:
The mass balance equation between water and air is given by:
The convective heat transfer from water to air yields:
Where dA is given by: 
Fig.1. Heat and mass transfer in counter flow wet cooling tower
The mass transfer from water to air yields:
The evaporation heat transfer from water to air is expressed as: The total heat transfer of convective and evaporation heat transfer is expressed as:
The energy balance at the water surface is given by:
The enthalpy of air at the water surface is expressed by:
, , 
Where c p,a is given by Eq. (13) ,
Substituting Eq. (12) into Eq. (8), we obtain:
Substituting Eq. (14) into Eq. (9), we obtain: 
Analytical model
According to the assumption 1) and 2), the second term at the left hand of Eq. (15) 
Substituting Eq. (7) into Eq. (16), we obtain:
According to the literature [23] , the enthalpy of the bulk air is expressed as:
,, ()
Where k 1 is given by Eq(19):
According to the assumption 3), the enthalpy of saturated air at the water surface temperature, t w , is expressed as: 
Where h wb,i is the enthalpy of saturated air at the temperature, t wb,i .
The relationship between an assumed straight air saturation line and a real saturation line is shown in Fig. 2 
Then, k 2 , the slope of the assumed straight saturation line shown in Fig.2 , can be yielded as: 
Fig.2. An illustration of the assumed straight and real saturation lines
Rearrange Eq. (24), we obtain the analytical expression of t w,o as follows: 
Where B can be expressed as:
The cooling efficiency of the counter flow wet cooling tower is usually defined as: 
Results validation
To validate this analytical model, Merkel number evaluated by this model are compared with the Merkel number calculated by accurate model [24] , Merkel model, Boris's Non-dimensional model [19] , and the outlet water temperature evaluated by this model are compared with the outlet water temperature calculated by accurate model [18] and Merkel model.
Results validation for the Merkel number Me
The relationship between N G used in [19, 24] and Me is expressed as: (20) is less than the enthalpy of outlet air, h a,o , and the antilogarithm at the right hand of Eq.(23) will be negative. Therefore, Eq. (23) is unable to get reasonable results. For case 4, the enthalpy of the saturated air, h a,wi , evaluated by Eq. (20) For cases 15 to 24, the results of the proposed model are less accurate than Merkel model. These large errors are caused by the linearization assumption, which introduces large errors under large temperature difference between inlet and outlet water (larger than 20℃). However, the results of the proposed model are more accurate than Boris's Non-dimensional model for cases 15 to 24.
Results validation for the outlet water temperature
The outlet water temperature evaluated by the proposed model is compared with an accurate model under some typical operating conditions investigated by Ren [18] . For the accurate model, Equations (29) The results calculated by three models are listed in tab. 2. The absolute relative errors of the proposed model are below 5% except case 1. We can observe that the range of temperature between inlet water and outlet water is larger than 30℃ in the case, so the linearization for enthalpy of saturated air produces large error. As shown in tab. 2, the absolute relative errors of the proposed model increases as the temperature difference between inlet and outlet water increases.
To compare the accuracy between accurate model and the proposed model in a relative narrow range, the regression analysis is conducted between t 
Application in thermal power plants
In this chapter, the proposed model is applied to calculate the performance of cooling tower used to discharge the waste heat to the environment in the power plant. Two cooling towers are chosen here. One is served for a 300 MW power plant while another is served for a 600 MW power plant. Tab. 4 shows the specification of the two towers. For the 300MW case, the two working conditions are both full load. For the 600 MW case, one working condition is full load, and the other one is partial load. As shown in the tab. 5, the errors of two cases for 300MW are 0.15 ℃ and 0.26 ℃, respectively. And the errors of two cases for 600 MW are 0.34 ℃ and 0.05 ℃, respectively. Therefore, the results calculated by the proposed model are absolutely acceptable since the errors are less than 0.34℃。The good results are due to that the errors caused by the linearization assumption are small since the temperature difference between the inlet and outlet water is less than 10℃ in our experiments.
Conclusions
A simple and analytical model based on the assumption that enthalpy-temperature relation of saturated air is linear is proposed to evaluate the thermal performance of the counter flow wet cooling tower. In this model, the analytical expression of the outlet water temperature is available. The proposed analytical model is validated with Poppe's accurate model [24] for Merkel number and Ren's accurate model [18] for outlet water temperature. The results show that the proposed analytical model can yield acceptable accuracy within a relative narrow cooling range which is temperature difference between inlet and outlet water. Furthermore, when the proposed model is applied to calculate the performance of cooling towers used in power plants, its results are quite acceptable. Therefore, it can be applied to online calculation since it is easily to be solved. 
